A hybrid technique has been developed that uses both electromagnetic and elastic waves in a synergistic manner to detect buried land mines. The system consists of a moving electromagnetic radar and a stationary elastic-wave source. The source generates elastic waves in the earth. These waves interact with the buried mine and cause both the mine and the earth to be displaced. Because the mechanical properties of the mine are different from those of the earth, the displacements in the region of interaction are distinct from those associated with the free-field propagation of the waves. The radar is used to detect these displacements and, thus, the mine. Initial investigations have demonstrated the feasibility of this scheme under controlled conditions. The current experimental effort is focused on understanding and overcoming the issues associated with using the system in field conditions.
INTRODUCTION
Seismic/elastic techniques show considerable promise for the reliable detection of all types of buried mines, even low-metal anti-personnel mines. The reason for this is that mines have mechanical properties that are significantly different from soils and typical forms of clutter. For example, the shear wave velocity is approximately 20 times higher in the explosive and the plastics used in typical mines than in the surrounding soil. In addition, mines are complex mechanical structures with a flexible case, a trigger assembly, air pockets, etc. The complex structure gives rise to structural resonances, non-linear interactions, and other phenomenology that is atypical for both naturally occurring and man-made forms of clutter. Thus, this phenomenology can be used to distinguish a mine from clutter.
A system has been developed at Georgia Tech that uses a radar based displacement sensor for the local measurement of seismic displacements without physically contacting the soil surface [1] [2] [3] . The non-contact nature of this sensor makes the system capable of interrogating the soil surface near or immediately above a mine. This substantially increases the measurable effects of the mine' s presence over schemes which rely on elastic waves scattered by the mine to propagate to a remote sensor location. Figure 1 depicts the present system configuration. The system consists of the electromagnetic radar and the seismic source. The source (an electrodynamic shaker coupled to the ground by a narrow foot) preferentially generates an elastic surface (Rayleigh) wave in the earth. The Rayleigh wave causes both the mine and the surface of the earth to be displaced as it propagates past the mine. Since the amplitude of Rayleigh wave displacements decreases exponentially with depth, only the soil near the surface is interrogated for the presence of mines. The depth of soil which is examined is a function of the frequency of the source. For typical mine depths and sizes, this is in the 100 to 1 ,000 Hz range. The motion of the mine is different from the surrounding soil, because the elastic properties of the mine are quite different than those of soil. The displacement of the surface of the earth when a mine is present is different than when it is not present because of the local and propagating waves scattered by the mine. The electromagnetic radar is used to detect these displacements and, thus, the mine. This idea of using elastic and electromagnetic waves synergistically has been proposed previously [4] [5] [6] , but it has not been seriously investigated until now.
The radar based displacement sensor has been designed and built to measure small vibrations of the soil and the mine. The sensor radiates electromagnetic waves toward the earth. These waves are reflected from the surface of the earth and the mine, where they are amplitude and phase modulated by the transient displacements of the earth and the mine. The reflected waves are received and demodulated. The resulting demodulated signals are proportional to the surface displacement. The radar can measure vibrations as small as 1 nm (1O m) as currently configured. The end of the wave guide (which functions for both transmit and receive) illuminates an area on the earth's surface comparable to its own cross section (1cm x 2 cm) over which the displacement is integrated. The system is currently being studied in a laboratory scale experimental model. The model, which is depicted in figure 2 , consists of a wedge shaped tank filled with over 50 tons of damp compacted sand to simulate soil. The seismic source is located near the tip of the wedge and is bi-directive toward the search area and the back wall. Simulated mines, inert mines, and clutter, such as rocks and sticks, are buried within a 2 m x 2m region in the center of the tank. The radar can be scanned above this region with a three degree of freedom positioner fixed above the tank. Previously presented work with this experimental model and a previous experimental model has demonstrated the feasibility of the elastic I electromagnetic mine detection concept [7] . Current efforts with the model have focused on resolving critical issues for the refinement of the concept into a field operable mine detection system. Recent experimental work has sought to answer the following questions: Does the presence of clutter and other targets unacceptably degrade system performance? Does surface vegetation degrade the radar sensor's performance to make mine imaging impossible? Is the current 100 to 1000 Hz frequency range used in the system sufficient for the expected range of mine burial depths? Can the same system configuration and parameters be used for the detection of both anti-personnel (AP) and anti-tank (AT) mines? Can a source be constructed which can be translated along with the sensor for continuous rather than incremental scanning?
EFFECTS OF BURIED CLUTTER AND MULTIPLE TARGETS
The primary detection cues used for all of the AP mine types which have been studied in the experimental model have been resonances of the mine case, trigger mechanism, and overlying soil [6] [7] [8] . These are excited by the passage of the Rayleigh wave and characterized by large displacements which persist after the passage of the incident pulse. Although mines exhibiting resonances scatter a larger propagating wave field than similarly sized non-resonant objects, the most pronounced feature of the field scattered by these mines is its mostly local nature.
This appears to result from a mostly reactive soil loading. For the mine types studied thus far, the localized resonant motion has been an excellent indicator of a mine' s location and extent.
Imaging of mines from multiple surface displacement measurements can be done in many ways. The current imaging scheme involves a multi-step process which filters forward travelling waves (those components directed away from the source) out of the data in the wavenumber domain leaving the reflected waves and a portion of the non-propagating waves. The energy in these remaining waves at times near the time of arrival of the incident wave is assigned to each measurement point forming an image. While there is certainly room for refinement of this algorithm, it does provide an objective method for the generation of mine field images which seem to incorporate the subjective observations of resonant mine behavior. Unlike background subtraction, this algorithm does not rely on information which would be unavailable to a mine detection system operating in the field. It is therefore, a reasonable (but not a certain) candidate for use in a field ready system. Previous work has shown that this technique can be used to image several types of AP mines and distinguish them from non-resonant buried clutter [7, 9] .
An experiment was performed to address the issue of imaging a minefield containing multiple candidate mine targets, some actual and some false. For this study, the false targets were four mine-sized rocks. The actual targets were four inert AP mines of different types and one radar mine simulant. The 5 mines and 4 rocks were buried at depths of one to three centimeters within a 120 cm by 80 cm search area. The layout of this experiment and the relative scale of the buried objects is shown in figure 3 . The goal was to determine whether the presence of the false targets or the scattered fields of the actual targets would obscure the apparent size or location of any of the actual targets in the image which could be formed of the minefield. Also of concern was the potential that multiple scattering would produce ghost images of some of the mines or that the signatures of the most identifiable AP mines (the TS-50 and VS-50) might dictate the dynamic range of the resulting image so as to mask the presence of the least identifiable mines (the M-14 and SIM-9). The image formed of this search area is shown in figure 4 . It is clear from the figure that all 5 mine locations have been correctly depicted and that no false images were generated. The image of the VS-50 mine has been elongated in the direction of the butterfly mine which was buried behind it. This is an artifact of the technique used to filter out the forward traveling waves and can be fixed by improving the imaging algorithm. It is obvious from the nature of the elastic I electrodynamic system that false targets could have been selected that would have been problematic for this type of imaging. Rocks were selected because they are naturally occurring and ubiquitous. Resonant false targets are neither and should, therefore, not constitute an unacceptable false alarm rate. In early testing of the elastic / electromagnetic mine detection system, the surface of the soil surrogate used in the experiments was maintained level, smooth, and bare. This provided the radar sensor with a seismically modulated EM reflection from the surface that was nearly optimal (large and uncorrupted). In the field, the surface will be rough and lie under some type of ground cover. The ability of the system sensor to see through common surface cover such as grass or light vegetation is essential for practical system operation. Some types of ground cover, obviously, will be opaque to the radar's interrogation signal. These will require special consideration and possibly an alternate sensor design. Standing water is an example of such a problematic case. In general, vegetation is likely to be translucent to the radar sensor with a portion of the EM reflection originating in the vegetation and the remainder coming from the surface below. The signal which is reflected from the vegetation can corrupt the total return in two ways. First, it will reduce the electromagnetic signal component reflected from the surface. This will reduce the level of the measured displacement signal. Second, any motion of the vegetation will produce an additional modulation of the carrier unrelated to the motion of the underlying surface. This will increase the effective noise floor. To test the ability to penetrate surface cover, pine straw was selected both for the convenience of its application and because it is a commonly occurring ground covering. In the experiment, a 2.3 cm layer of pine straw was spread over the surface beneath which a TS-50 AP mine was buried along with 4 mine sized rocks and two sticks. The layout of this experiment can be seen in figure 5 . Figure 6 shows the image formed from the pine straw covered surface. The location and extent of the TS5O mine are apparent. There is less contrast in this image than for similar images formed in the absence of surface covering. An examination of the time domain signals which contribute to the image reveals that the dominant effect of the pine straw was to force an increase in the seperation between the antenna and the ground's surface which resulted in a reduced signal level and a loss of some spatial resolution. When this is corrected for, the only direct effect of the surface cover that can be observed is a slight increase in the spatial noise floor (signal variability with range). This is attributable to variations in the received EM surface reflection which is reduced by up to 6 dB when the pine straw is present. There are two ranges of mine size and burial depth which are of concern for the mine detection problem. The first of these is for AP mines which are typically a few hundred milliliters in volume and buried such that the mine trigger is a few centimeters below the soil surface. AP mines were the focus of most of the early work on the elastic! electromagnetic mine detection system because they are usually perceived as a more difficult problem. The efficacy of a system like this for AP mine detection does not, however, automatically imply success in the detection of AT mines. These mines are typically several liters in volume and have burial depths up to a few decimeters. Since Rayleigh waves penetrate the surface to a depth proportional to their wavelength it is likely that lower frequencies would be required for the detection of AT mines. Since the detection of AP mines was greatly facilitated by resonances of the mines, it is unlikely that the AT mine problem is simply a direct scaling of the AP mine imaging technique. This would imply a system bandwidth down to 10 or 20 Hz which is not possible with the current experimental model, but should be possible in a system that operates in the field. Currently, the operating band of the system (100 -1.000 Hz) is dictated by source response, ambient noise, and reverberation in the experimental model at low frequencies. Attenuation in the soil surrogate limits the bandwidth at high frequencies.
Two types of inert AT mines were tested: VS-I .6 and VS-2.2. These mines are shown in figure 7 along with a TS-50 AP mine for size comparison. Both AT mines have plastic cases and spring loaded piston triggers. The triggers are considerably stiffer than those on the AP mines which were previously tested. The results for both mines were quite similar. Figures 8 and 9 show seismograms generated by one-dimensional scans over the two AT mines as a function of mine burial depth. The data was processed in a slightly different way from the AP mine scans in that the pulse shape which was used had a center frequency that was an octave lower (225 Hz as opposed to 450 Hz for the AP mine scans). The experimental data used to reconstruct either pulse response are identical. The difference is in the post processing. Both processing techniques could be used simultaneously. The pulse with the lower center frequency was chosen for the AT mine in order to emphasize the effects of the spectral components which penetrated the soil to a sufficient depth to interact with the mine. 
MINE SIZE AND DEPTH RANGE OF DETECTABILITY
From data in figures 8 and 9 the presence of the mine is apparent up to a depth of about 10 cm. Above the mine, an amplification of the incident can be observed at 2, 4, and 6 cm depths. Propagating waves that have been reflected from the mines are clearly apparent at 4 and 6 cm depths. The strength of the reflected field at these depths appears to be inversely related to the duration of the localized motion above the mine which indicates that the radiation of Rayleigh waves may constitute a significant source of damping for the mine motion. There is also evidence of dispersion in the soil layer above the mine: the leading edge of the incident signal is clearly delayed as it passes above the mine and the pulse shape and arrival time well beyond the mine are quite different than they are at the same location for the no mine case. In the seismograms of figure 8 there is very little sign of the AT mine at the 1 1 cm burial depth. Its presence is, however, much more apparent if the forward travelling waves are removed from the seismograms. This is because the forward travelling waves are the dominant component of the receive signal but are only slightly effected by the presence of the mine. In contrast, the smaller reverse propagating and standing waves are related almost entirely to the mine and other scatters in the search area. The seismograms of figures 10 and 1 1 demonstrate this. These have been generated by filtering the forward propagating components out of the data depicted in figures 8 and 9. A gain factor, which is proportional to mine depth, has been applied to force the traces onto comparable vertical scales. In the imaging process, where target depth is unknown, a logarithmic scale is used for this purpose. Where no mine was present the gain factor for the deepest corresponding burial was used to demonstrate the effective noise floor of this technique. These figures demonstrate that, using the current system and model, an AT mine could be imaged to a depth of 10 or 1 1 centimeters without substantial computational effort. This is, by no means a limit on the detection technique. The spectral content of the incident and the processing technique could be improved to extend this further. Acausal artifacts of the filtering operation which elongate the mine signature can be seen in the filtered seismograms. This is clearly one area in which the algorithm can be improved. The artifacts appear as wavefronts that originate at the mine but arrive instantaneously in the region behind the mine. Similar artifacts in the direction of the source are obscured by the Rayleigh wave reflected by the mine. Conceptually these should be precluded by the processing algorithm but the arise because of the spatial windowing of the scan region and the abrupt edge of the filtering function in the wavenumber domain.
In order to test the feasibility of imaging a deeply buried AT mine a 2-dimensional scan was performed with the VS-i .6 buried 11 cm deep. The imaging technique was identical to that used for the AP mines, but incorporated the lower center frequency pulse. The image which was formed is depicted in figure 12 . The location and extent of the mine are apparent in this image. There is considerably more smearing of this image than for those formed of the AP mines. This is due, in part, to processing artifacts and, in part, to relatively large propagating wave reflections associated with the AT mine. 
SCANNABLE SEISMIC WAVE SOURCE
The electrodynamic shaker, which is currently being used as a seismic source, was selected for its compatibility with the experimental model. It provides a large broadband seismic excitation and does not couple energy into the sensor by any path other than the propagation of elastic waves through the ground. In this regard, it has been extremely well suited to the design of system components and the evaluation of system capabilities. It may, however, not be the best source design for a system which will operate in the field.
For a field operable mine detection system the seismic source needs to be relocated in either discrete increments or continuously during the search process. A reproducible source to surface coupling at each transmitting location is a desirable feature of such a source because it obviates the need to compute an additional transfer function in order to assemble a minefield image. The current seismic source is difficult and time consuming to move. It also does not generate a surface wave that is entirely reproducible when the source relocated. This has been observed even in the benign environment of the laboratory experimental model. The shaker design could be modified for use in a field operable system if the source were coupled to the ground through a rolling point of contact. This design has yet to be explored experimentally, but it is by no means the only option. Several alternative source designs have been proposed. The simplest of these are currently being tested in the experimental model.
Other authors have noticed that it is possible to couple roughly a thousand times more energy into soils from airborne sound than the large density mismatch at the air soil interface would indicate. This is, in part, because the elastic wave speeds in typical soils are considerably lower than the sound speed in air. Although, this observation seems promising for the system under development, an unfortunate consequence of the low propagation speeds is that soils excited by airborne sound respond in a locally reactive way to the excitation [10] . This, by implication, precludes the effective generation of Rayleigh waves (which propagate only along the soil surface) with airborne sound. In order to overcome this apparent limitation a surface excitation is required with substantial non-radiating wavenumber components in the air above the soil. This can be accomplished if the soil surface is in the near field of an aero-acoustic source. The experimental aero-acoustic seismic source is a 10" moving coil loudspeaker which is suspended 1 to 3cm above the surface of the sand. Initial testing indicates that the speaker must be well within a seismic wavelength of the surface to effectively couple energy into the Rayleigh wave. At large distances from the surface there is no angle of incidence at which the airborne wave can match the phase velocity of the much slower Rayleigh wave. Measurable displacements can still be excited at these large separations, but they are due almost entirely to energy coupling into downward directed compressional waves. The trace velocity measured for the pulse along the surface under these circumstances is exactly the propagation speed in air. Figure 10 shows a seismogram of arrivals generated by translating the aero-acoustic source at a height 1 cm above the soil surface with respect to a fixed accelerometer receiver for a im transit. The spectrum of the received signals is comparable to that obtained using the surface-coupled shaker source although colored toward the lower frequencies. The displacements are within the measurable range of the existing radar based sensor and it is not unreasonable to believe that they could be made comparable to the current shaker source had a more powerful aero-acoustic source been used. Generally, the aero-acoustic source is more effective at lower frequencies because of the relatively large area beneath the speaker to which a uniform excitation can be applied. An accelerometer was used for these measurements rather than the radar sensor because it provides an absolute measure of displacement. Backside motion introduced by either mechanical or airborne acoustic coupling directly into the radar sensor is problematic for this sort of measurement and will be addressed in future work.
In addition to the two source designs mentioned above many other seismic sources are under consideration for the field operable system. These include thermoelastic laser and microwave sources, air and water jets, electrical arc sources, and ultrasonic parametric sources. Each of these options have intrinsic tradeoffs when compared with other designs. The laser, for example, would allow for very large standoff distances from the earth' s surface but would be substantially more expensive and less powerful than the sources considered here. The elastic I electromagnetic land mine detection technique has been tested under laboratory conditions which mimic a variety of realistic mine detection scenarios. None of these conditions appear to be significant hurdles for the development of a field operable mine detection system.
A prototype mine detection system has been demonstrated which is capable of detecting inert AP and AT mines and distinguishing them from buried clutter. The efficacy of the system has been demonstrated over a range of anticipated burial depths with both bare ground and ground covered with thin vegetation. It has been shown that multiple mine targets in close proximity do not pose a significant imaging problem. A Rayleigh wave source has been successfully tested which does not require direct ground contact and can be scanned over the surface of the ground in field operations. Integration of the new source into the detection system, evaluation of alternative source and sensor designs, testing additional mine types, and addressing problematic operating environments will be the focus of future work on the development of the system.
